UnderstandIng early dementIa: eeg, mrI, sPeCt and memory evalUatIon abstract Background: An increase in the EEG upper/low a power ratio has been associated with mild cognitive impairment (MCI) due to Alzheimer's disease (AD) and to the atrophy of temporoparietal brain areas. Subjects with a higher a3/a2 frequency power ratio showed lower brain perfusion than in the low a3/a2 group. The two groups show significantly different hippocampal volumes and correlation with q frequency activity. Methods: Seventy-four adult subjects with MCI underwent clinical and neuropsychological evaluation, electroencephalogram (EEG) recording, and high resolution 3D magnetic resonance imaging (MRI). Twenty-seven of them underwent EEG recording and perfusion single-photon emission computed tomography (SPECT) evaluation. The a3/a2 power ratio and cortical thickness were computed for each subject. The difference in cortical thickness between the groups was estimated. Results: In the higher upper/low a group, memory impairment was more pronounced in both the MRI group and the SPECT MCI groups. An increase in the production of q oscillations was associated with greater interhemisperic coupling between temporal areas. It also correlated with greater cortical atrophy and lower perfusional rate in the temporoparietal cortex. Conclusion: High EEG upper/low a power ratio was associated with cortical thinning and lower perfusion in temporoparietal areas. Moreover, both atrophy and lower perfusion rate significantly correlated with memory impairment in MCI subjects. Therefore, the increase in the EEG upper/low a frequency power ratio could be useful in identifying individuals at risk for progression to AD dementia in a clinical context.
Introduction

Mild cognitive impairment (MCI) commonly
represents an "at-risk" state for the development of dementia. Therefore, there is a need for the development of early biomarkers which would help to identify subjects who could develop the disease and are useful for early diagnosis and effective prevention therapies. The identification and validation of biomarkers for diagnosing, monitoring progression, and predicting onset of Alzheimer's disease (AD) has been a main focus of AD research in the past 10 years. In line with recently published research criteria, it is becoming clear that the integration of different biomarkers is a milestone for the accurate and early diagnosis of AD [1, 2] . To date, the most studied and validated biomarkers are The latter biomarkers have good sensitivity in identifying subjects with neurodegenerative disorders at high risk for converting to dementia, but they lack a reliable specificity that allows for a clear-cut diagnosis of the different subtypes of dementias. Of note, in neurodegenerative disorders like AD or other dementias, the brain networks are altered many years before clinical manifestations. Recent MRI studies have demonstrated that a large neural network is altered in subjects with prodromal AD [5] [6] [7] [8] [9] [10] . In particular, subjects with cognitive decline have shown early atrophy and loss of grey matter in specific cortical brain areas, including precuneus, hippocampus, medial temporal, and parietal lobes [6, 8] . EEG could be a reliable tool in the conceptual frame of the integration of biomarkers for an early and highly predictive diagnosis [11] . Indeed, it is widely accepted that cerebral EEG rhythms reflect the underlying brain network activity [12] . Furthermore, EEG coherence obtained from spectral EEG analysis is a non-invasive technique for studying functional and time-varying relationships between brain regions. Indeed, EEG coherence represents the covariance of the spectral activity at two electrode locations and can be considered as a rough measure of the temporal synchronicity of coupled rhythmic oscillations of two distinct neural populations anatomically linked via corticocortical or corticosubcorticocortical connections. In that sense, it reflects functional cortical coupling or connectivity [13] . As a consequence, modifications in EEG rhythms could be an early sign of AD. In particular, the study of a rhythm seems to be a very suitable tool in detecting the relationship between structural and functional brain networks [14] [15] [16] [17] . Recently, it has been demonstrated that an increase of the high a relative to low a power is a reliable EEG marker of hippocampal atrophy [18] and amygdalo-hippocampal complex atrophy [19] . Furthermore, an increase in the a3/a2 power ratio has proven to be predictive of conversion of patients with MCI in AD, but not in non-AD dementia [20] . The same increase of the a3/a2 power ratio was found to be correlated with hippocampal atrophy in subjects with AD [21] [22] [23] [24] [25] [26] [27] as well as with an increase in the functional interhemispheric coupling between temporoparietal areas [19] .
On the other hand, subjects with a higher a3/ a2 frequency power ratio showed a constant trend towards lower perfusion than the low a3/ a2 group. The two groups differed significantly, both in regard to the hippocampal volume and correlation with the q frequency activity [27] .
In this study, we observed an association between EEG coherence, MRI and single- Examination (MMSE) [28] , the Clinical Dementia Rating Scale (CDRS) [29] , the Hachinski Ischemic Scale (HIS) [30] , the Instrumental and Basic Activities of Daily Living (IADL, BADL) [31] [32] [33] and a complete neuropsychological assessment [34, 35] injuries. All subjects were right-handed. These inclusion and exclusion criteria for MCI were based on previous seminal studies [1, 32, 33] .
As the aim of our study was to evaluate the relationship between gray matter loss and a3/a2 ratios in MCI subjects, we did not consider the clinical subtype of MCI, i.e., amnesic, or non-amnesic, single or multiple domains. Demographic and cognitive features of the subjects in the study are summarized in Table 1 . There were no statistical differences in age, gender, or education among the groups studied. power spectra) results in high stationary signal [40] . As a control analysis, the stability of the EEG signal was tested as follows: the power spectra of ten epochs lasting two seconds each were averaged both at the beginning at the end of the artifact-free EEG trace of all subjects, since testing for stationarity of the variability of trial-to-trial power spectra were selected according to the literature guidelines [17, 20] , that is, the q/a transition frequency (TF) and the individual a frequency (IAF) peak. IAF and TF were computed for each subject in the study. These anchor frequencies were computed on the power spectra averaged across all recording electrodes. This "collapsed spectrum method" allows for identification of a robust and reliable IAF, being a normalized scalp spectrum. Finally, given that we were interested in the resting state spectral content, the a band and IAF were determined during the "eyes closed" period. There is a large body of literature showing that the standard frequency range found in young and healthy people is not applicable in healthy older people and patients affected by brain degenerative disorders due to the effect of both age and disease [41] [42] [43] [44] [45] [46] .
As a consequence, the computation of an individual a frequency peak is mandatory in our study. Recent studies have convincingly
shown that the IAF is very reliable in rest condition EEG recording [47] [48] [49] . More caution has been suggested when the study requires subjects to perform some specific tasks [50] .
The TF marks the transition frequency between q and a bands, and represents an estimate of the frequency at which q and a spectra Hz. These peaks were named β1 peak (IBF1), β2 peak (IBF2) and g peak (IGF). Based on peaks, the frequency ranges were determined. β1
ranges from a3 to the lower spectral power value between β1 and β2 peak; β2 frequency ranges from β1 to the lower spectral power value between β2 and g peak; g frequency ranges from β2 to 45 Hz, which is the end of the range considered. Moreover, within theta In particular, the high a3/ a2 EEG power ratio MCI group is at major risk for converting to AD [19] , as well as for having a different pattern of hippocampal atrophy [20] and basal ganglia and thalamus gray matter lesions [22] , as compared to the other a3/a2 Briefly, in the cortical surface stream, the models of the boundary between white matter and cortical gray matter as well as the pial surface were constructed [51] . Once these surfaces are known, an array of anatomical measures becomes possible, including: cortical thickness, surface area, curvature, and surface normal at each point on the cortex [52] . In addition, a cortical surface-based atlas has been defined based on average folding patterns mapped to a sphere and surfaces from individuals can be aligned with this atlas with a high-dimensional non-linear registration algorithm. The surfacebased pipeline consists of several stages previously described in detail [53, 54] .
Single subject analysis
For each subject the T1-weighted, anatomical 3-D MRI dataset were converted from DICOM format into .mgz format, then intensity variations were corrected and a normalized intensity image created. The volume was registered with the Talairach-Tournoux atlas through an affine registration. Next, the skull was stripped using a deformable template model [52] and extracerebral voxels removed.
The intensity normalized, skull-stripped image 
SPECT processing protocol
To achieve a precise normalization, we generated a study-specific SPECT template using both SPECT and MRI scans of all patients and normal controls under study, following a procedure described in detail elsewhere [60] .
Briefly, we created a customized high-definition and we processed all scans with SPM2 according to an optimized processing protocol described in detail elsewhere [60] . Brain perfusion correlates of medial temporal lobe atrophy and white matter hyperintensities in MCI were obained as follows: (I) we smoothed each scan with a 10 mm full width at half maximum (FWHM)
Gaussian, and spatially normalized it with an affine deformation to the customized SPECT template. We applied the same deformation to the non-smoothed images; (II) we masked the non-smoothed normalized images from I to remove scalp activity using SPM2's "brainmask".
We smoothed with a 10 mm FWHM Gaussian, and warped them to the customized template with a nonlinear transformation (cutoff 25 mm).
We applied the same transformation to the non- 
Pattern of cortical thickness between groups
High vs low: When compared to subjects with low a3/a2 ratios, patients with high a3/a2 ratio showed thinning in the bilateral superior temporal, supramarginal and precuneus cortices, as well as in the right inferior parietal cortex and insula. The total cortical gray matter (CGM) reduction in high a3/a2 group vs low a3/a2 group was 471 mm 2 ( Fig. 1) .
High vs middle: The same (high) group
showed a similar but less wide pattern of cortical thinning when compared to middle a3/a2 group: the regions of atrophy were located in the left supramarginal gyrus, left precuneus and postcentral cortex. The total CGM reduction in high a3/a2 group versus middle a3/a2 group was 160 mm 2 ( Fig. 2) .
When the high group was compared to the low Table 2 ). Figure 4 shows the visual rating scale of the SPECT scans representative of the normal control, MCI with low, and MCI with high risk to conversion to AD, respectively. ANOVA results show that Correlations between neuropsychological memory tests and regional brain perfusion in the high a3/a2 group and the other groups 
discussion
Association between EEG markers and CGM changes
In the present study, the relationship between an EEG marker (the a3/a2 power ratio) and the cortical thickness in subjects with MCI was investigated. The a3/a2 power ratio has been chosen because in previous works it has been demonstrated that MCI subjects with higher a3/a2 ratio are at major risk for developing AD [19] [20] [21] [22] . Our results show that the MCI group with the higher a3/a2 ratio has a greater global cortical atrophy than the other subgroups, thus confirming the claims of a large body of literature [6, 19] . Furthermore, greater atrophy is significant in two specific brain areas: precuneus and supramarginal gyrus (a brain area belonging to the inferior parietal lobule), both in the left and right hemispheres. These results were largely expected, considering the results of previous studies. Indeed, structural and functional abnormalities of the precuneus were observed in MCI [61] [62] [63] as well as in AD [64] [65] [66] , so that the atrophy of the precuneal region has been considered as a pathognomonic marker of early AD. Recent studies suggest that specific regions, namely the precuneus and posterior cingulate, together with the medial temporal lobe, are selectively vulnerable to early amyloid deposition in AD pathology [67, 68] .
Association between EEG markers and perfusional changes
These results confirm previous studies, which have shown that patients at high risk for developing AD have reduced SPECT perfusion in the temporoparietal carrefour and inferior parietal lobule [55, 56] . Moreover, our results also confirm a well-known correlation with hipppocampal atrophy [55] . 2) the consequent disinhibition drives the neural network to an oversynchronization;
3) this over-synchronization is peculiar in the hub regions with higher amyloid burden; 4) these over-activated regions are prone to degeneration and atrophy; 5) a possible neurophsyiologic sign of this oversynchronization is the increase of the a3/a2 power ratio we have found in typical hub regions [73] [74] [75] [76] [77] . It is of great interest that there is an overlap between the brain regions associated with the increase in EEG a3/a2
power ratio (hypersynchronization of the upper a) in our study and the regions associated with a higher amyloid burden related to memory processes [70, 71] . Moreover, in the present study, there is a very interesting finding: the atrophy of the precuneus is coupled with the atrophy of the supramarginal gyrus and, to a lesser extent, with the inferior parietal lobule, insula and superior temporal gyrus.
This atrophy pattern is clearly expressed in the group of MCI subjects with higher a3/a2 power ratio. This finding fits well with the results of a recent study [78] , which investigated the functional connectivity of human precuneus by resting state fMRI. The authors found that there is a preferential pathway of connectivity of the dorsal precuneus with the supramarginal gyrus, parietal cortex, superior temporal gyrus and insula. As a consequence, the atrophy we detected in the MCI group with higher a3/a2 ratio power could be explained as the loss of GM in an entire anatomo-functional network rather than atrophy of isolated brain areas.
Of note, it is widely accepted that AD is the result of cortical network impairment more than the atrophy of single cortical areas [79] .
In subjects with low or middle a3/a2 power ratio, the cognitive impairment is possibly due to cerebrovascular impairment or non-AD degenerative process. Although the rigid selection criteria were adopted to include patients with primary cognitive deficits in the study, in clinical practice it is not infrequent to have MCI subjects due to reasons other than AD.
Memory performance
In order to exclude a random relationship between EEG marker and cortical atrophy, the correlation between brain areas and the performance on memory tests was investigated in all MCI subgroups. The memory tests used were selected due to their wellknown sensitivity to detect MCI subjects who will convert to AD [1, 9] . Our results show no significant memory differences between the groups studied. This could be considered as a paradoxical outcome. However, we think this should not be taken as a surprise, having in mind the globally mild and early impairment of the whole group of subjects. In other words, when considering strictly the memory performance, the groups are not different. This is probably due to early, and generally mild, spatially guided behavior [80] [81] [82] [83] . Of note, the cortical network encompassing precuneus and inferior parietal cortex is deeply involved in visuospatial abilities [78] . As a speculative interpretation, we could hypothesize that the memory deficits could be due to an impaired network underlying the semantic coding of the spatial features of the episodic memory traces.
In this view, the atrophy of a specific brain network (more than global volume measures)
is more reliable in detecting MCI subjects with prodromal AD. Further discussion of memoryrelated brain networks is beyond the scope of this study. Only a weak negative correlation was found in the middle a3/a2 EEG power ratio, suggesting a possible degenerative nature of the memory impairment in this group.
Significant associations were not identified in the low a3/a2 power ratio group or in the study sample as a whole. Taken together, these results strengthen the position of the higher a3/a2 ratio in MCI group of subjects as a major risk factor for developing AD.
Alterations of functional coupling of temporoparietal areas
Linear EEG coherence is a reliable measure of the functional coupling of brain areas. The present study demonstrates that MCI subjects show a general decrease of coherence except for an increase of interhemispheric coherence in temporoparietal regions, especially in q frequency. A previous study has demonstrated that this increase is due to hippocampal atrophy [18] .
Previous studies showed that the increase of coherence between temporal regions is determined by an increase in excitability [84] [85] [86] [87] [88] . This hypothesis could receive support from studies demonstrating a dysregulation of inhibitory GABAergic system following the hippocampal atrophy [88] [89] [90] [91] . Through the hippocampal commissure, the increase in excitability could spread over the two hemispheres. It could be explained as a compensatory mechanism, since it is more frequently observed in subjects with hippocampal atrophy. Moreover, it could be argued that this activity emerges as the new default mode of brain activity characterized by a hyperexcitability of the cortex, even in a resting state.
Implications at system level Klimesch and coworkers have convincingly demonstrated that the upper a band (~10-13
Hz) specifically reflects processes necessary for memory encoding [84, 85] . Recent EEG and magnetoencephalography (MEG) studies have confirmed that proper functioning of memory, both in encoding and in retrieval, requires high a rhythm desynchronization (or power decrease) [24, [86] [87] [88] [89] [90] [91] . From a neurophysiological point of view, the synchronization (or power increase) of EEG a power has been associated with the inhibition timing hypothesis [24] and with poor information transmission, according to the entropy's theory [27, 92] . The increases in a amplitudes reflect inhibition of cortical brain regions [25, 26, 93] . Similarly, the theory of entropy states that synchronization is disadvantageous for storing information, as it reduces the flow of information [27] . Entropy is a measure of the richness of information encoded in a sequence of events. Applying this concept to neural networks, it has been demonstrated [78] that the degree of information that is encoded in neural assemblies increases as a function of desynchronization and decreases as a function of synchronized firing patterns [94, 95] . This hypothesis has been confirmed in clinical studies in patients with memory deficits [96] , as well as during states where there is little cognitive processing (e.g., epileptic seizures or slow-wave sleep) [78, 97, 98] . With regards to the cognitive impairment due to AD, the typical to this theory, the increased q production in AD would derive from hyperexcitability of the septohippocampal system [15, 16, [103] [104] [105] [106] [107] [108] [109] [110] [111] [112] [113] [114] [115] [116] [117] .
Such a pattern of decreased cerebral blood flow activity and increased excitability was found even prior to the onset of cognitive impairment and cortical atrophy [17, 18] .
Conclusion
A high EEG upper/low a power ratio was associated with cortical thinning and lower perfusion in the temporoparietal area. In these subjects an increase in the production of q oscillations has been observed associated with a greater interhemisperic coupling between temporal areas. Moreover, atrophy and lower perfusional rate both significantly correlated with memory impairment in MCI subjects.
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